Objectives: Perchlorate, nitrate, and thiocyanate are well-known inhibitors of the sodium-iodide symporter and may disrupt thyroid function. This exploratory study investigated the association among urinary perchlorate, nitrate, and thiocyanate concentrations and parathyroid hormone (PTH) levels in the general U.S. population. Methods: We analyzed data on 4265 adults (aged 20 years and older) from the National Health and Nutrition Examination Survey in 2005 through 2006 to evaluate the relationship among urinary perchlorate, nitrate, and thiocyanate concentration and PTH levels and the presence of hyperparathyroidism cross-sectionally. Results: The geometric means and 95% confidence interval (95% CI) concentrations of urinary perchlorate, nitrate, and thiocyanate were 3. 38 (3.15-3.62), 40363 (37512-43431), and 1129 (1029-1239) ng/mL, respectively. After adjusting for confounding variables and sample weights, creatinine-corrected urinary perchlorate was negatively associated with serum PTH levels in women (P50.001), and creatinine-corrected urinary nitrate and thiocyanate were negatively associated with serum PTH levels in both sex groups (P50.001 and P,0.001 for men, P50.018 and P,0.001 for women, respectively). Similar results were obtained from sensitivity analyses performed for exposure variables Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper.
Introduction
Monovalent anions such as perchlorate, nitrate, fluoroborate, and thiocyanate are known to competitively inhibit iodide uptake and may disrupt thyroid function [1, 2] . Our knowledge of the human health effects of perchlorate mainly comes from the use of potassium perchlorate in the treatment of hyperthyroidism [3] . Used as an oxidizer in propellants and rocket fuels, perchlorate is highly watersoluble and has been detected in drinking water and natural waters [4] . For U.S. adults, vegetables and dairy products are major contributor of perchlorate in the diet [5] . Perchlorate taken into the body is rapidly eliminated in the urine, and measurement of urinary perchlorate is helpful to assess recent exposure.
Nitrate is the final breakdown product of nitrogen fertilizers. The majority of nitrate intake comes from drinking water and food [6] . A study showed that higher nitrate levels in public water supplies were associated with an increased risk of thyroid cancer, and higher intake of dietary nitrate was associated with an increased risk of thyroid cancer and hypothyroidism [7] . Thiocyanate enters the body from the diet (such as cruciferous vegetables) or is synthesized from cyanide by sulfur transferase enzymes. Smoking cigarettes is the major sources of cyanide exposure for those who do not work in cyanide-related industries. Thiocyanate level can be used as an indicator for tobacco smoke exposure, but there is a large overlap between smokers and nonsmokers because of numerous other sources for cyanide [8] . In general, risk assessment for perchlorate exposure should consider co-exposure to nitrate and thiocyanate [9] .
Parathyroid hormone (PTH) has a principal biological function in maintaining calcium and phosphate homeostasis. The secretion of PTH is mainly regulated by the amount of circulating ionized calcium via the calcium-sensing receptor (CaSR) located on the surface of the chief cells [10] . In addition, extracellular calcium stimulates vitamin D receptor (VDR) expression in parathyroid glands [11] . Although 1,25(OH) 2 vitamin D decreases PTH gene transcription through VDR, studies in VDR knock-out mice suggest that vitamin D pathways play a secondary role in parathyroid hyperplasia [12] . Hyperparathyroidism is defined by an increased activity of the parathyroid glands, either from an intrinsic abnormal change altering PTH excretion (primary or tertiary) or from an extrinsic change stimulating PTH production (secondary) [13] . Primary hyperparathyroidism is the third most common endocrine disorder. Clinical presentations have remarkably changed since the development of automated serum calcium measurement in the early 1970s. Recent epidemiological data suggest that primary hyperparathyroidism is increasingly prevalent [14] . The effects of environmental, nutritional, and iatrogenic factors are poorly defined.
Using the National Health and Nutrition Examination Survey (NHANES) data, Paik and colleagues demonstrated that smokers and males had lower PTH levels [15] . Furthermore, serum PTH levels were independently associated with blood pressure and with the presence of hypertension or prehypertension among U.S. adults [16] . To date there is no study specifically investigating the relationship between PTH levels and the effects of various monovalent anions that have traditionally been considered as thyroid-disrupting agents. The aim of this exploratory study is to evaluate the association between urinary concentrations of perchlorate, nitrate, and thiocyanate and serum PTH level as well as the presence of hyperparathyroidism in U.S. adults. The results from this study may provide some insights into to non-classical regulatory mechanisms of PTH secretion and potential contributing factors to hyperparathyroidism.
Methods

Study Design and Population
Data were obtained from the 2005-2006 NHANES. NHANES is a nationally representative cross-sectional survey designed to collect information on the health and nutrition status of the U.S. civilian noninstitutionalized population. Survey data are published biannually. A detailed description of sampling and data collection procedures is available on the Centers for Disease Control and Prevention website [17] . Interviews were conducted with all participants by trained personnel using standardized procedures. Information on age, race/ ethnicity, and cigarette smoking was collected during the interview. Ethical approval for the study was obtained from the Research Ethics Review Board of National Center for Health Statistics. Written informed consent was given by all participants.
Laboratory Assessment
Serum total calcium was measured by an indirect ion-selective electrode method (Beckman LX20). When serum albumin level was ,4.0 g/dL, calcium levels were corrected using the following formula: corrected calcium (mg/dL)5measured total calcium (mg/dL) +0.8 * [4.0 -serum albumin (g/dL)]. Serum 25-hydroxyvitamin D level was determined using a Diasorin (formerly Incstar) 25(OH)D assay. Serum PTH level was measured by electrochemiluminescence immunoassay on an Elecsys 1010 autoanalyzer (Roche Diagnostics). Urine samples were analyzed for perchlorate, nitrate, and thiocyanate in participants aged 6 years and older. Nonetheless, the analysis of this study was limited to participants 20 years of age and older. The quantitative measurement of perchlorate, nitrate, and thiocyanate in human urine was performed using ion chromatography coupled with electrospray tandem mass spectrometry. The lower detection limits were 0.05 ng/mL for urinary perchlorate, 700 ng/mL for urinary nitrate, and 20 ng/mL for urinary thiocyanate. For concentrations less than the limit of detection, a value equal to the detection limit divided by the square root of two was used.
Statistical Analysis
All statistical analyses were computed by using survey commands of STATA (STATA Corporation) to incorporate sample weights and to adjust for clusters and strata of the complex sample design. Our study focused on the 2,387 men and 2,592 women 20 years and older who participated in NHANES 2005-2006. Subjects with missing PTH (n5502), urinary perchlorate, nitrate, or thiocyanate data (n5442) were excluded. We also excluded participants with missing data for smoking status (n52), body mass index (n547), calcium level (n512), and 25-hydroxyvitamin D level (n51). A total of 4,265 NHANES participants were included in the final analyses.
Respondents who had smoked at least 100 cigarettes during their lifetime and, at the time of interview, reported smoking every day or some days were classified as current smokers. Respondents who had smoked fewer than 100 cigarettes in their lifetime were classified as never smokers. Concentrations of urinary perchlorate, nitrate, and thiocyanate are expressed as the geometric mean with a 95% confidence interval in different subgroups and were tested by linear regression to assess independent demographic predictors of urinary measurements.
Due to significant deviation from the normal distribution, the natural log transformation was performed for PTH and urinary measurements. Urinary measurements were normalized for creatinine as follows: urinary anion concentration (ng/mL)/urinary creatinine (mg/dL)/1005mg anion/g creatinine. We constructed full multivariable linear regression models with serum PTH levels as the dependent variable and individual natural log-transformed creatininecorrected urinary measurements as a predictor along with age (continuous variable), race and ethnicity (categorical), smoking status (categorical), and body mass index (continuous) as covariates. Corrected total calcium and 25-hydroxyvitamin D levels, both being important determinants of serum PTH levels, were included in the final model.
To evaluate dose-response effects across the population, the urinary measurements were also stratified across the population in quartiles. Sample weights, which account for the differential probabilities of selection, nonresponse and noncoverage, were incorporated into the variance estimation process to be representative of the US population.
In our analyses, urinary measurements were divided by the creatinine concentration to adjust for dilution. However, urinary creatinine concentration may vary by age, sex, and race/ethnicity. We avoided this limitation by performing analyses in adults because creatinine adjustment elevates the urinary chemical concentrations in children compared with adults [18] . Nonetheless, we have also explored an alternative approach to separate the urinary anion concentration from the urinary creatinine concentration in the regression models.
In logistic regression, we used the same model with sample weights to test urinary measurements related to the odds ratio (OR) of hyperparathyroidism (defined as PTH .70 pg/mL). To evaluate interactions between urinary measurements, the synergism index (SI) was calculated as follows: SI5[OR 11 21]/ ([OR 01 +OR 10 ] 22), where OR 11 is equal to OR of the joint effect of two factors and OR 10 and OR 01 are equal to OR of each risk factor in the absence of the other [19] . A value greater than unity was indicative of synergism. Table 1 shows the basic demographics of the sample population. The study sample consisted of 2,058 men and 2,207 women. Males were found to have significantly higher geometric mean urinary perchlorate, nitrate, and thiocyanate levels when compared with females. Older age was associated with lower levels of urinary nitrate and thiocyanate. Of note, current smokers were found to have significantly higher levels of urinary nitrate and thiocyanate as well as a lower urinary perchlorate level. Urinary nitrate levels were moderately and positively correlated with urinary perchlorate and thiocyanate. Urinary perchlorate and thiocyanate levels were weakly correlated.
Results
Both corrected serum calcium and 25-hydroxyvitamin D concentrations were negatively correlated with urinary nitrate but not perchlorate or thiocyanate levels. Serum calcium and 25-hydroxyvitamin D were included in the final multivariable regression model because they are important determinants of PTH production and secretion. The results of multivariable linear regression analyses are shown in Table 2 . We observed a negative relationship between serum PTH levels and creatinine-corrected urinary perchlorate concentrations in women. There were negative associations between serum PTH levels and urinary nitrate and thiocyanate in both men and women. To evaluate dose-response effects across the population, the creatinine-corrected urinary measurements were stratified across the population in quartiles ( Table 3 ). The mean serum PTH levels decreased significantly with increasing quartiles of urinary nitrate and thiocyanate concentrations in men. In women, serum PTH levels significantly decreased as urinary perchlorate, nitrate and thiocyanate concentrations increased from first to fourth quartile. These results were consistent with the results obtained when creatinine-corrected urinary measurements were entered as a continuous variable in linear regression models. A summary of the association among quartiles of creatinine-corrected urinary measurements and serum PTH levels after adjusting for potential covariates in men and women is illustrated in Fig. 1 .
Sensitivity analyses were performed for exposure variables (unadjusted for creatinine) with urinary creatinine added as a separate covariate. As shown in Table 4 , the results from multivariable linear regression analyses were very similar to those in Table 2 . Namely, there was a negative relationship between serum PTH Thiocyanate levels and urinary perchlorate in women, whereas there were negative associations between serum PTH levels and urinary nitrate and thiocyanate in both men and women. Likewise, similar results were obtained from analyzing the associations among quartiles of unadjusted urinary measurements and PTH levels (Fig. 1) . Taken together, serum PTH levels negatively correlated with urinary perchlorate, nitrate, and thiocyanate, either adjusted or unadjusted for urinary creatinine. Among the 4,265 participants who formed our analysis sample, 449 (237 women and 212 men) had hyperparathyroidism (serum PTH .70 pg/mL). In logistic regression models adjusting for age, race/ethnicity, smoking, body mass index, corrected total calcium and 25-hydroxyvitamin D levels, there was no association between natural log-transformed creatinine-corrected perchlorate levels and hyperparathyroidism in both women and men (Table 5 ). There was a negative association between log-transformed creatinine-corrected urinary nitrate and thiocyanate and hyperparathyroidism in women (OR50.75 and 0.66; 95% CI50.60-0.94 and 0.59-0.74, respectively) and in men (OR50.65 and 0.66; 95% CI50.54-0.79 and 0.59-0.74, respectively). Consistently, hyperparathyroidism was negatively associated with increasing quartiles of creatinine-corrected urinary nitrate and thiocyanate levels. These findings are illustrated graphically in Fig. 2 . We arbitrarily defined primary hyperparathyroidism as albumin-corrected total serum calcium $9.5 mg/dL (unsuppressed serum calcium with an elevated PTH level, n5212), and secondary hyperparathyroidism as calcium ,9.5 mg/dL (n5237). As shown in Table 6 , urinary nitrate was negatively associated with primary hyperparathyroidism in men and secondary hyperparathyroidism in both sex cohorts. The negative associations between urinary thiocyanate and primary and secondary hyperparathyroidism were present in both sex groups. Collectively, these findings further corroborate that the association between these anions and PTH levels is independent of calcium concentrations. (1) creatinine-corrected urinary measurements, and (2) analyte concentration unadjusted for creatinine but urinary creatinine was included as a separate independent variable. A, Serum PTH levels by urinary perchlorate quartiles. B, Serum PTH levels by urinary nitrate quartiles. C, Serum PTH levels by urinary thiocyanate quartiles. Adjusted for age, race/ethnicity, smoking status, body mass index, corrected total serum calcium, and 25-hydroxyvitamin D levels. *P,0.05, **P,0.01, ***P,0.001 versus first quartile.
The SI proposed by Rothman was computed to assess the empirical deviation from the additive interaction relationship [19] . Table 7 shows the synergistic interaction between urinary measurements in influencing hyperparathyroidism. The highest interaction was found between low perchlorate level and low nitrate level. Furthermore, there was an indication for the synergism between low nitrate level and low thiocyanate level. These findings are in correspondence with the positive correlation between urinary nitrate and urinary perchlorate and thiocyanate levels.
Discussion
In this large, cross-sectional study of national representative sample of adults in the U.S., we for the first time found a negative association between serum PTH levels and exposure to perchlorate, nitrate, and thiocyanate.
Early in the evolution of life, calcium was plenty available and phosphate supply was limited in seawater. To cope with the challenge of higher gravity and calciumpoor environment, terrestrial animals use bone as calcium reservoir and develop PTH and vitamin D system as the main regulators of calcium homeostasis, and fibroblast growth factor-23 as the dominant factor regulating phosphate homeostasis [20] . Minute-to-minute changes in PTH release into the circulation provide a robust mechanism for maintaining a constant level of ionized calcium in blood [21] . Secreted intact PTH is extensively metabolized by liver and kidney and disappears from the circulation with a half-life less than 5 minutes. Therefore, the blood level of PTH is essentially determined by the activity of the parathyroid glands. In addition to calcium and vitamin D as major regulators of PTH synthesis and secretion, other factors may affect serum PTH levels. For incidence, PTH secretion is modulated by the activity of the autonomous nervous system [22, 23] . Recently, hyperparathyroidism has been identified as a novel feature of primary aldosteronism [24] . Expression of the angiotensin II type I receptor and the mineralocorticoid receptor has been identified in normal parathyroid glands and found to be increased in adenomatous parathyroid glands [25] . These findings are consistent with the observation that in the general population, a high aldosteroneto-renin ratio was associated with high serum PTH concentrations [26] . Perchlorate, nitrate, and thiocyanate are well-known inhibitors of sodiumiodide symporter. Concomitant exposure to perchlorate, thiocyanate, and low iodine markedly reduced thyroxine production compared to exposure to each factor alone [27] . However, the effects on serum PTH levels have not been examined. Gallium nitrate has been used to treat intractable hypercalcemia. Gallium nitrate may reduce PTH release by stabilization of the plasma membrane rather than by interference with CaSR [28] . Although Ga 3+ at 200 mM inhibited PTH release whereas 600 mM NO 3 2 had no effect [29] , it could not completely exclude the possibility that nitrate may directly modulate PTH secretion. Smoking is a potential confounder of our results. In an animal model, nicotine reduced activity of parathyroid chief cells [30] . Nonetheless, there are inconsistent results with regard to the effects of smoking on PTH levels. Based on the NHANES data, smokers had lower PTH levels [15] . In another study, serum 25-hydroxyvitamin D levels and calcium absorption was lower in both light and heavy smokers, whereas PTH levels were higher in heavy smokers [31] . In patients with primary hyperparathyroidism, smoking was associated with lower PTH and higher phosphate levels [32] . Conversely, in dialysis patients with secondary hyperparathyroidism, heavy smoking was independently associated with high PTH levels [33] . In the present study, after adjusting for smoking status, the association between PTH level and urinary perchlorate, nitrate, and thiocyanate remains significant. The mechanisms of this intriguing association have to be elucidated.
We had several unexpected findings. For example, exposure to different anions was not associated with PTH to the same extent. It was found that the relative potency of perchlorate to inhibit iodide uptake was 15 and 240 times that of thiocyanate and nitrate [1] . However, we could not ascertain the mechanism(s) underlying the associations; therefore, it is impossible to compare directly. In addition, the inverse relation between perchlorate and PTH was observed mainly in women. Our previous study suggested that different target organ susceptibility to hyperparathyroidism may exist in different genders [34] . On the other hand, gender difference may have some impacts on PTH levels. In this study, males were found to have higher perchlorate, nitrate, and thiocyanate levels. It may represent a potential link to the fact that primary [35] and secondary [36] hyperparathyroidism occurs more frequently in women. Nonetheless, more studies are needed, particularly with respect to interactions involving demographic, lifestyle, dietary, and season factors [37] .
Serum PTH levels may independently associate with mortality [38] . Recently, we demonstrated that PTH levels are associated with several inflammatory markers [39] . Prolonged elevation of PTH levels may result in bone loss, fractures, cardiovascular disease, and increased mortality [13] . Radiation and lithium therapy are predisposing factors in only a minority of sporadic primary hyperparathyroidism. For most patients, the etiology is unknown [40] . Although these anions from environmental and dietary sources negatively regulate PTH levels and are unlikely to account for the development of hyperparathyroidism, our results unveil the complex interaction between PTH regulation and other unknown factors.
There were several limitations to the current study. This study is cross-sectional in nature, therefore making it impossible to draw cause-and-effect inferences in the observed associations. Second, the association observed might not be related to the inhibitory effects on sodium-iodide symporter. It is uncertain whether these three anions influence serum PTH levels through the same pathophysiology. Third, our analysis is limited to the use of single spot urine samples to assess exposure, although previous reports indicated fair temporal reliability in the spot urine concentrations of the three anions [41] .
Conclusions
Using the NHANES data from the U.S. adult population, we found that a higher urinary concentration of perchlorate, nitrate, and thiocyanate is associated with lower serum PTH levels. Although the pathophysiological background of the association is as yet unclear, our observation may disclose novel regulatory controls with high clinical relevance. Future studies are needed to confirm or disprove our findings.
